The analyses in Yerushalmy's paper 1 indicated that, among low birthweight infants of less than 2500 g, maternal smoking was associated with lower infant mortality. The results have been replicated in a number of studies and populations, and these seemingly paradoxical associations are now often referred to as the 'birthweight paradox.' As can be seen from the present set of commentaries, Yerushalmy's paper continues to generate discussion and interest even 40 years after its publication. Several explanations have been put forward for this paradoxical association. Here we will review some of these, discuss some relations and differences between the explanations that have been proposed, and then conclude with the question of what, if anything, we can infer about the role of birthweight in governing the associations between maternal smoking and infant mortality.
Explanations of the birthweight paradox
One explanation for the birthweight paradox associations is selection or confounding bias due to conditioning on an intermediate. [2] [3] [4] If, as in Figure 1 , there are unmeasured common causes (U) of low birthweight (L) and infant mortality (Y), such as for instance malnutrition or birth defects, then analyses of the association between maternal smoking (S) and infant mortality among low birthweight infants (L¼1) can be in the reverse direction compared with that which one would have obtained if adjustment for U had been possible. The intuition behind this explanation is that low birthweight might be due to a number of causes: one of these might be maternal smoking, another might be instances of malnutrition or a birth defect. If we consider the low birthweight infants whose mothers smoke, then it is likely that smoking is the cause of low birthweight. If we consider the low birthweight infants whose mothers do not smoke, then we know maternal smoking is ruled out as a cause for low birthweight, so that there must have been some other cause, possibly something such as malnutrition or a birth defect, the consequences of which for infant mortality are much worse. 2 By not controlling for the common causes (U) of low birthweight and infant mortality, we are essentially setting up an unfair comparison between the smoking and non-smoking mothers. If we could control for such common causes, the paradoxical associations might go away. Importantly, we can observe such paradoxical associations due to unmeasured common causes, even if there is no actual effect of low birthweight on infant mortality or even if there were no effect of maternal smoking on infant mortality at all. The association is induced by conditioning on the variable low birthweight L. The phenomenon is sometimes referred to, in the causal graphical models literature, as 'collider stratification' or of conditioning on a 'collider' 2-5 (i.e. a variable which is a common effect of two other variables, S and U in this case, which can induce association between S and Y, even if there is no S->Y arrow, due to the path S->L<-U->Y which generates association between S and Y because of conditioning on the collider L). Whereas it has not been definitively established that this is in fact the explanation of the birthweight paradox, it is now clear that very reasonable values for the effects of such unmeasured common causes U on low birthweight and on infant mortality would suffice to give paradoxical associations of the magnitude actually found in the data. 3, 4 Another explanation that has been put forward for the birthweight paradox has been heterogeneity of the low birthweight phenotype. 6 It may be that low birthweight infants, in fact, form two distinct subgroups. Some of these low birthweight infants may be reasonably healthy and just happen to fall in the lower tail of the normal distribution of birthweight. These low birthweight infant may not have poor mortality outcomes. Wilcox 6 refers to such low birthweight infants as falling in the tail of the 'predominant' distribution of birthweight. The other subgroup of low birthweight infants are those born prematurely and whose development may be problematic. Wilcox 6 calls this the 'residual' distribution of low birthweight. Evidence for this distinction comes from the fact that if one attempts to fit a normal distribution to birthweight data, about 2-5% of births are in the lower tail in excess of what would be suggested by the normal distribution. 6 If we do have two distinct low birthweight phenotypes, then the birthweight paradox may be generated by neglecting this distinction. Among the non-smoking mothers, many of the low birthweight infants are likely from the 'residual' distribution and have poorer infant mortality outcomes. For the smoking mothers, maternal smoking in fact shifts the mean of the 'predominant' distribution lower. Thus, the low birthweight infants, those less than 2500 g, will include the 'residual' distribution but also a larger proportion of the 'predominant' distribution. When low birthweight infants of smoking and non-smoking mothers are compared, it might look as though the mortality outcomes of infants of smoking mothers are better because the low birthweight infants of non-smoking mothers are mostly those from the 'residual' distribution, whereas those of the smoking mothers are more of a mix of the 'residual' and 'predominant' distributions. But this might simply be an artefact of smoking shifting the mean of the 'predominant' distribution downward. Evidence that this may be what is taking place comes from comparing weight-specific mortality curves among smoking and non-smoking mothers, when using absolute birthweight vs z-scores for relative birthweight (calculated separately for smoking and non-smoking mothers to try to get at the differences in the predominant distribution). 6 When comparing weight-specific mortality curves among smoking and non-smoking mothers using absolute birthweight, it looks as though infants of smoking mothers have better mortality outcomes at low birthweights. When comparing weightspecific mortality curves among smoking and non-smoking mothers using z-scores for birthweight, the mortality curve for infants of smoking mothers is higher than for those of non-smoking mothers at all birthweights. In fact, the structure of the bias for this multiple low birthweight phenotypes explanation is not so very different from that of the unmeasured confounding explanation. Consider Figure 2a , wherein L 1 indicates low birthweight from the predominant distribution and L 2 indicates low birthweight from the residual distribution. Note that in this diagram we have, for the time being, no unmeasured common causes of the outcome and the low birthweight phenotypes. If in the analysis we collapse over these two distinct low birthweight phenotypes as in Figure 2b , with L again indicating any low birthweight, we can once again see from this diagram that S and Y would be associated conditional on L, through the path S->L 1 ->L<-L 2 ->Y. This association would still be present even if smoking had no effect on infant mortality whatsoever (i.e if both the S->Y arrow and the L 1 ->Y arrow were absent). The structure of the bias is similar to that in Figure 1 insofar as we are conditioning on a common effect L, of both S and a variable associated with Y, namely L 2 . 5 In Figures 2a and   2b , although low birthweight phenotype heterogeneity is responsible for the bias, rather than unmeasured confounding, the structures of the biases are quite similar. The structures would likewise be similar if the 'residual' low birthweight phenotype L 2 did not directly affect infant mortality (Y), but if instead L 2 and Y had a common cause U as in Figure 2c . Once again conditioning on the collapsed low birthweight variable L would induce association between smoking and infant mortality even if there was no effect of smoking on infant mortality. Other approaches for avoiding the birthweight paradox have also been proposed. It has been pointed out that if what one is interested in is simply the effect of maternal smoking on infant mortality then there is no need to adjust for birthweight at all. 7 Birthweight may or may not be on the pathway from maternal smoking to infant mortality but it is almost certainly not a confounder. 7 Thus, if what is of interest is the effect of maternal smoking on infant mortality (rather than say the direct effect of maternal smoking not through birthweight 4 ) then there is no need to adjust for low birthweight. When adjustment is not made for low birthweight, the birthweight paradox is avoided. Others have advocated a fetus-at-risk approach which focuses attention on effects at different gestational ages and uses as a denominator for risk, not all births, but rather only those fetuses that have survived up to a specific gestational age. In proceeding in this manner, the birthweight paradox once again vanishes. 8, 9 These insights may in fact be the most important points that have emerged from the discussion of the birthweight paradox. However, they do not really provide an explanation for the paradoxical associations between maternal smoking and infant mortality when conditioning on low birthweight; they merely provide a way of avoiding the paradoxes to begin with.
Empirical and structural distinctions
Our focus here is and has been on explanations of the paradoxical associations themselves as presented by Yerushalmy. 1 The explanations given above concerning confounding/selection on the one hand, or multiple low birthweight phenotypes on the other, both seem as though they might be plausible. To what extent can they be distinguished? The two explanations do have somewhat different empirical implications. Under Figure 1 , if we were able to control for the common causes (U) of low birthweight and infant mortality, then the biases should vanish; an estimate of the association between maternal smoking and infant mortality among low birthweight infants controlling for U (e.g. malnutrition/birth defects) should indicate either a causative or a null association, rather than a protective association. Under Figure 1 , if we have controlled for common causes of low birthweight and infant mortality, we can then get valid estimates of the 'controlled direct effects' 10-12 of maternal smoking on infant mortality not through low birthweight, and these effects should be null or causative if there is indeed no actual protective effect of maternal smoking. Under Figure 2a -c, if we could control for both the 'predominant' low birthweight phenotype (L 1 ) and the 'residual' low birthweight phenotype (L 2 ) as separate variables, rather than the collapsed variable L, then the biases should once again vanish; an estimate of the association between maternal smoking and infant mortality among low birthweight infants controlling for L 1 and L 2 should indicate a null or causative association, rather than a protective association. Under Figure 2 , if we have controlled for both low birthweight phenotypes (L 1 and L 2 ), we can then get valid estimates of the 'controlled direct effects' 10-12 of maternal smoking on infant mortality not through low birthweight. In trying to distinguish between these two explanations, it might be of interest to examine empirically with data whether it is in fact possible to dissolve the birthweight paradox by controlling for such as malnutrition and birth defects on the one hand (the unmeasured confounding explanation) or by controlling for both the 'predominant' and 'residual' low birthweight types on the other (the multiple low birthweight phenotypes explanation). Obtaining adequate data for such control may be challenging but is perhaps not inconceivable.
Of course, the reality may be a more complex interplay between these two explanations. The variable U in Figure 2c might for example also affect L 1 , in which case both unmeasured confounding and multiple low birthweight phenotypes could induce bias. Alternatively there might be a separate unmeasured common cause U * of L 1 and Y, and once again both unmeasured confounding and multiple low birthweight phenotypes could be involved in the explanation. Figures 1 and 2a -c in some sense represent idealized cases wherein only one of the two explanations is operative, but the reality may be that some more complex combination of these two, or other, explanations is in fact in play. Even the two idealized cases in Figure 1 and Figures 2a-c are, in fact, not so far from each other. The structure of bias in Figure 1 that arises due to uncontrolled confounding by U could potentially also be understood as outcome heterogeneity. Suppose we abandon the proposed distinction between 'predominant' low birthweight and 'residual' low birthweight, but that something like malnutrition or a birth defect serves as a common cause of low birthweight and infant mortality, as in Figure 1 . If we now let L 1 denote 'low birthweight due to smoking' and L 2 as 'low birthweight due to malnutrition/birth defect' and L simply as 'low birthweight', then the structure of these variables for the unmeasured confounding explanation of the birthweight paradox might in fact correspond quite closely to Figure 2c , that is the same as one of the potential structures we had for the multiple low birthweight phenotypes. The bias is again induced by conditioning on a common effect, L, of S and L 2 . The distinct birthweight phenotypes are now cause-specific forms of low birthweight, that is 'low birthweight due to smoking' and 'low birthweight due to malnutrition/birth defect'. We might then view the unmeasured confounding explanation as perhaps just yet another instance of multiple phenotypes.
The role of birthweight
We have discussed possible explanations of the birthweight paradox associations. However, we are still left with the question as to what the role of birthweight is in the association between maternal smoking and infant mortality. Is low-birthweight in some sense responsible? In his paper Yerushalmy, in the discussion of the 'displacement hypothesis', seems to suggest 'no'. 1 In Table 8 of his paper he poses a counterfactual query of the form of what would have happened had the smoking mothers not smoked. He notes that there would have been fewer low birthweight infants among this group of actual smokers but, because infant mortality is higher for low birthweight infants of nonsmoking mothers, he concludes that the overall net effect if smoking mothers had not smoked is negligible. However, in his analysis, he relies on the infant mortality rates for the non-smoking mothers in addressing his counterfactual query. In other words, he ignores the issue that the low birthweight infants among the smoking and non-smoking mothers may be different (that those of the non-smoking mothers may have fewer 'predominant' low birthweight infants, or may have fewer malnutrition-caused instances of low birthweight). We might instead then ask what would have happened to infant mortality had the smoking mothers not smoked and this altered their low birthweight distribution but if we kept the infant mortality rates among the smokers in calculating the final infant mortality rate for this group? A counterfactual query of this form is in fact precisely what the newly developed methods for mediation analysis address. [10] [11] [12] [13] [14] The natural indirect effect, which is the target of these methods, asks: What would have happened to infant mortality among smokers if we could block the effect of smoking on low birthweight so that the smoking mothers had the same rates of low birthweight as the non-smoking mothers?
If we apply such methods [12] [13] [14] In other words, the effect of smoking on infant mortality simply by increasing low birthweight among smokers is to increase the likelihood of infant mortality by an odds ratio of 1.31. The proportion of the effect of maternal smoking on infant mortality mediated, on a risk difference scale, 14 is estimated to be 74% (95% CI: 67%, 81%). Low birthweight at least on the surface in fact appears to play an important role. We might of course be concerned about unmeasured confounding as in Figures 1 or 2c . However, we can use sensitivity analysis techniques to assess how such unmeasured confounding might change estimates. 15 If an unmeasured confounder U had: a prevalence of 2% among the smoking and non-smoking mothers with normal birthweight infants; a prevalence of 3% among smoking mothers with low birthweight infants; and a prevalence of 9% among non-smoking mothers with low birthweight infants (i.e. if for those with low birthweight infants U was three times more likely among non-smokers than smokers); and if U increased the likelihood of infant mortality by 3-fold; then the proportion mediated would decrease to 64% (95% CI: 59%, 69%). If instead for those with low birthweight infants U was six times more likely among nonsmokers than smokers and increased the likelihood of infant mortality by 6-fold, then the proportion mediated would decrease to 46% (95% CI: 43%, 49%). Even in these cases, the proportion mediated for low birthweight seems fairly substantial. Note that the birthweight paradox is present with these data as it was in Yerushalmy's original paper. With the 2003 data, the odds ratio for infant mortality comparing smoking and non-smoking mothers with low birthweight infants is 0.93 (95% CI: 0.88, 0.97), seemingly suggesting a protective effect of maternal smoking. Interestingly, although the conclusion that low birthweight mediates a substantial portion of the effect of maternal smoking on infant mortality is fairly robust to unmeasured confounding, the birthweight paradox itself is more easily explained away by such unmeasured confounding. Again using sensitivity analysis, 4, 15 even in the more modest unmeasured confounding scenario considered above, with 3-fold increases in the risk, the odds ratio for infant mortality comparing smoking and non-smoking mothers with low birthweight infants shifts to 1.03 (95% CI: 0.98, 1.08) and the birthweight paradox thus vanishes. In summary, unmeasured confounding may be responsible, at least partially, for the birthweight paradox, but unmeasured confounding does not seem to substantially alter the conclusion that a considerable portion of the effect of maternal smoking on infant mortality is mediated by low birthweight. We might, however, also be concerned about the interpretation of these effect estimates if low birthweight does not in fact itself cause infant mortality but is simply serving as a proxy for something else-the developmental process or prematurity-that does. Recent theory in the mediation analysis literature 16 indicates that the indirect effect estimates can still be interpreted as the portion of the effect mediated by the processes (e.g. prematurity) leading to low birthweight that are captured by the low birthweight measurement. The low birthweight measurement does not of course capture all aspects of the underlying processes and so it is possible that our assessments of the proportion mediated are underestimates. However, regardless, it does seem that we have fairly substantial evidence that either low birthweight, or perhaps more plausibly the developmental processes leading to it, are important in understanding the association between maternal smoking and infant mortality.
Conclusion
Where are we then in our understanding of the birthweight paradox? Do we have explanations for why these paradoxical associations exist? Yes, at least two: unmeasured intermediate-outcome confounding and multiple low birthweight phenotypes. Do we have ways to avoid the birthweight paradox? Yes, by not conditioning on birthweight at all (which will often be the correct analysis) or by using a fetuses-at-risk approach. Is low birthweight important in explaining the effect of maternal smoking on infant mortality? Yes, low birthweight or the processes that lead to low birthweight are relatively important. Do we know whether it is unmeasured confounding, or multiple low birthweight phenotypes or some other explanation that is in fact primarily responsible for the birthweight paradox? No, this is still an open question and it could well be some complex interplay between the various explanations that have been put forward.
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